Water confinement inside a carbon nanotube (CNT) has been one of the most exciting subjects of both experimental and theoretical interest. Most of the previous studies, however, considered CNT structures with simple cylindrical shapes. In this paper, we report a classical molecular dynamics study of the equilibrium structural arrangement of water molecules confined in a multiply connected carbon nanotube (MCCNT) containing two Y-junctions. We investigate the structural arrangement of the water molecules in the MCCNT in terms of the density of water molecules and the average number of hydrogen bonds per water molecule. Our results show that the structural rearrangement of the H 2 O molecules takes place several angstroms ahead of the Y-junction, rather than only at the CNT junction itself. This phenomenon arises because it is difficult to match the boundary condition for hydrogen bonding in the region where two different hydrogen-bonded structures are interconnected with each other.
Introduction
The highly favourable filling of a carbon nanotube (CNT) with water molecules due to a capillary effect is a well-known phenomenon and has been the subject of numerous studies both experimentally and theoretically. 1, 2 Recently, molecular dynamics (MD) simulations have revealed that the driving force and the detailed structural arrangement of the water molecules participating in this favourable CNT wetting depends on the diameter size of the tube. 3 The difference of the water nanostructure, the structural network of water molecules to be more specific, within the CNT is not new because the environment of water molecules changes from that of nano-sized water confinement to that of bulk water as the tube diameter increases.
Some researchers showed structural and dynamic features of water confined within the CNT. 4 For example, the hydrogen bond of water inside a CNT is weak compared to bulk water 5 as predicted from an MD study. 6, 7 A detailed understanding of specific molecules confined inside a well-characterized nanosystem provides valuable information such as energy, structure, and transport properties of the corresponding materials. 8 In this respect, the water nanostructures inside the CNT may serve as templates for the effective design of a nanochannel for various practical purposes such as water purification 9 and drug delivery 10, 11 to name a few.
Understanding how the physical properties of the fluid can be modified 12 by introducing non-carbon atoms or functional groups to the host structure has crucial importance in controlling the static and dynamic transport phenomena of fluid such as flow rate at the nanoscale. 13, 14 Recent studies have shown that the local cross-sectional area of the microchannel can change for controlling the rate of capillary flow. [15] [16] [17] [18] [19] [20] Therefore, the use of structurally inhomogeneous hosts, such as a CNT with varying local cross-sectional area, might be a possible strategy to control the nanofluid as a channel. The water molecules in complex nanostructures that connect nanotubes of different diameters could show very intriguing structural features. The behaviour of water molecules in topologically complicated CNTs has not yet been reported, whereas reports of wetting studies of non-carbon nanotubes, such as boron nitride nanotubes, have been published. 21, 22 In this paper, we report an MD study of the behaviour of water molecules inside a multiply connected carbon nanotubes (MCCNT). 23, 24 MCCNTs could be produced by CNTs of different sizes clinging together under the influence of electronic beams to form Y-junctions, [25] [26] [27] [28] in which a large CNT splits into two smaller CNT arms that eventually merge into one. Our study elucidates the structural arrangement of the water molecules inside these topologically complicated CNTs in detail, especially in the vicinity of the junction at which a CNT with a larger diameter is connected to two CNTs with a smaller diameter.
Computational methods
As shown in Fig. 1 , we consider an MCCNT with a topologically complicated symmetry, of which the (14, 14) CNT branches into two (7, 7) CNTs, which are then fused into the (14, 14) CNT. Because of the We initially put the MCCNT in a cubic box with a minimum distance of 15.0 Å from the edge of the CNT to the wall of the box and filled the box with water molecules. After solvation and energy minimization, the entire system was subject to constant pressure and constant temperature (NPT) molecular dynamics simulation for 20 ns. In our work, the pressure was set to 1 bar at two different temperatures, i.e., 280 K and 300 K, respectively, to observe the temperature-dependent behaviour. Usually, researchers investigate the properties of water at room temperature (300 K). However, considering the increased density of water as the temperature decreases, it seems very interesting to study what structural properties the water has at low temperatures. Thus, we also studied the properties of water molecules nanostructures confined to nanotubes at 280 K. In the 20 ns MD simulation, the initial 10 ns calculation shows a process of equilibration, so only the MD trajectories after 10 ns were used in this study. After initial solvation, the interior of the CNT is quickly filled with water molecules, usually within several tens of picoseconds. The simulation time step was 1 fs. We collected simulation trajectories every 20 steps and generated a total of 5 × 10 5 frames for final analysis. The water molecules were allowed to enter or to exit the CNT freely, contacting with the water molecules in the bath. 2 We used the modified Berendsen and isotropic Berendsen methods for temperature and pressure control with the control parameters 0.1 and 16.0 ps, respectively. The overall simulation was performed using the Gromacs ver. 5.1.2 29 with the CNT force field parameters taken from the OPLS-AA 30 and the TIP3P water model. 31 We also used the TIP4P water model 31 to investigate model dependence. 32 The charge of both C and H atoms in the CNT is set to be neutral in our model. 33 We used the leap-frog integrator for time integration. This scheme processes the Lennard-Jones parameters between a carbon atom in the CNT and an oxygen atom in water by using the Lorentz-Berthelot mixing rule. We also performed the same simulations with the perfect (14, 14) and (7, 7) CNTs with the tube length of 60 Å for comparison. The radii of the (7, 7) and (14, 14) tubes are 4.75 Å and 9.50 Å , respectively. All simulations were performed with periodic boundary conditions in the x-, y-, and z-directions with a short-range cutoff distance of 10 Å . The long-range electrostatic interaction was calculated by the particle mesh Ewald method (PME) with 1.6 Å grid spacing.
Results and discussion
Usually, the duration of a simulation of a typical CNT/water system to study its equilibrium properties is several nanoseconds. 1 Our estimation of the number of water molecules inside our CNT models as a function of the simulation time, as shown in Fig. 2 , showed that they remain steady throughout the simulation with some fluctuations. Although this is not the sole criterion for equilibrium, we believe our sampling of a 10 ns trajectory after the initial 10 ns of simulation time to be sufficiently reasonable to study the equilibrium water configuration inside the CNTs. Fig. 3 shows a snapshot of the water molecules contained in the MCCNT at the end of the simulation. We emphasize that water molecules line up in two rows in the (7, 7) CNT region, whereas they form a cluster-like structure in the (14, 14) CNT region. Table 1 . Numbers in red indicate the distance from the left end of the MCCNT.
Interestingly, unlike in the (14, 14) CNT, the electric dipole moment in water molecules tends to be orientated at an angle of either 40° or 140° relative to the direction of the nanotube axis in the (7, 7) CNT, as clearly shown in Fig. 1 . The fact that one of the hydrogen atoms in a water molecule prefers to point to the hexagonal centre of graphene or CNT has already been reported by researchers who studied the structural properties of water molecules adsorbed inside a CNT or on a graphene sheet. [34] [35] [36] [37] [38] Because the water molecules can enter both open ends of the MCCNT, the angles of 40° or 140° are equivalent. In this region, therefore, the shape of the water nanostructure in the CNTs is also distorted. Roughly speaking, in Region 3, the double-stranded water nanostructure is on a plane. We calculated the numbers (N S ) of water molecules near the inner surface of the nanotubes and the total numbers (N V ) of water molecules in each region of the water nanostructure ( Table 1) . The results reveal a dimension-dependent phenomenon. Physical features of the water molecules confined inside the MCCNT can be characterized by the number of total water molecules divided by the number of water molecules near the inner surface of the CNT, i.e., N S /N V ratio. We define the water molecules as surface water molecules when the oxygen atoms of the water molecules are within 3.9 Å from the CNT surface. The detailed geometry of the carbon nanotube and many other complex factors affect the details of the water molecule network structure, resulting in dimensional dependence. hydrogen atoms, it bends to form a shape similar to that of a trumpet when it is relaxed. We identified three points (A, B, and C) at which we checked the cross-sectional view, as shown in Fig. 4(b) . The shape of the cross-section at the left entrance of the MCCNT slightly deviates from that of an ellipse at Point A. Near Point B, one can see that the shape obtained by approximating the cross-sectional area is elliptical. However, in the vicinity of the Y-junction (Point C), the shape of the cross-section differs significantly from an elliptical shape. from the left entrance of the CNT. We found the periodic oscillation of the number density of water molecules with the wavelength of ∼2.5 Å inside the (7, 7) CNT arms along the axial distance. The wavelength is almost the same as the average distance (2.8 Å ) between the oxygen atoms in two adjacent water molecules, the so-called hydrogen bond length. The simulation results observed in the present study might show variations depending on the detailed models, including both the CNT structure and water model. 31 Notably, even though there is no noticeable water model dependence within current simulations, there could be none-negligible changes due to polarity at the open ends of CNT. 11 In the perfect (14, 14) CNT, this periodicity evens out significantly as the diameter increased. In contrast, in the perfect (7, 7) CNT, the water density shows a pronounced oscillatory pattern as the axial distance changes from the left entrance of the CNT to the centre of the CNT. 38 The relative density difference between (7, 7) and (14, 14) CNT behaviour is attributed to at least two different filling arrangements of water molecules inside the MCCNT, referred to as "single-file mode" water and "layered mode" water. 1 The size and shape of the water nanostructures depend on the local cross-sectional area of the nanochannel that determines the space in which the water molecules will enter. This causes differences in the oscillatory pattern of the water density.
To check if there is a difference in density characteristics depending on the water model, we used the TIP3P
and TIP4P models to calculate the molecular water density inside the nanotube. Our results show that the water model dependence is minimal, at least between TIP3P and TIP4P models. In other words, the axisdependent periodic nature of the water density survives in the (14, 14) CNT region of the MCCNT. For the perfect (14, 14) CNT, the oscillation of the water density in MCCNTs is negligible at both 280 and 300 K.
For the perfect (7, 7) CNT, we observed that an oscillation with a small amplitude occurs at 300 K, but a noticeably stronger pattern occurs at 280 K due to high ordering at low temperature. As expected from the oscillatory pattern of water density shown in the perfect (14, 14) CNT, the oscillation of the water density in
MCCNTs is also negligible near the larger CNT inlet, but begins a sudden and large oscillation at 17.5 Å , dropping significantly at 18.5 Å , and increases sharply again at z = 20 Å , similar to the pattern seen in pure (7, 7) CNTs near z = 25 Å . The different values in the legend indicate the indices of the CNTs (shown on the right-hand side).
(b) Number of hydrogen bonds per water molecule for the perfect (7, 7) and (14, 14) CNTs and the MCCNT as a function of axial distance. Top and bottom panels correspond to the data from TIP3P water and TIP4P water models, respectively.
We conducted a more in-depth investigation of the water molecules inside our MCCNT model, especially in the vicinity of the Y-junction region, by calculating the average number of hydrogen bonds per water molecule as a function of the axial distance. Here, we defined that a hydrogen bond was "formed"
when the distance between the O atom of the water molecule and the H atom of the neighbouring water molecule was shorter than 3.5 Å , and the bonding angle ∠O⋯H-O was within 30°, 40 where ⋯ andrepresent hydrogen and covalent bonds, respectively. In Fig. 5(b) , we compare the above results of the MCCNT with those of the perfect (7, 7) and (14, 14) CNTs at 280 K. The average number of H-bonds at 300 K was smaller than at 280 K, but the overall trend was almost the same. As expected, the extent of Hbonding of water in the (14, 14) CNT part of the MCCNT, resembles that of the perfect (14, 14) CNT. The small number of hydrogen bonds up to z = 3 Å appears because we did not consider water molecules outside the CNTs in the calculations. Thus, we will ignore the results near the CNT inlet. In general, the average number of H-bonds increase as the CNT diameter increases. 39, 41 The number of H-bonds in the (14, 14) CNT region (the (7, 7) CNT arm) of MCCNTs approaches that in the perfect (14, 14) CNTs (the perfect allow the double-stranded water to twist within the (7, 7) CNT arm in Region 3 unlike the perfect (7, 7) CNT, where a water strand can form a helix. The cross-sectional view of the MCCNT along the line M2
in Fig. 1 shows slight distortion from the perfect (7, 7) CNT circular form, which should contribute to the ordering of water molecules in it. In other words, in combination with the slight structural distortion in Region 3, the water molecules in Region 2 that are connected to a water network within Region 3 make the most of H 2 O molecules to be placed on a planar form in the (7, 7) CNT arms (Region 3). As a result, the water molecule network inside the (7, 7) CNT arms of the MCCNT has higher hydrogen bond ordering, and the average number of H-bonds increases gradually, compared with the case of the perfect (7, 7) CNT. Finally, we need to mention that the results could be somewhat different depending on the model force field even though water model dependence is minimal here, within TIP3P and TIP4P water. But it is noted that the density of water along the tube axis and the average number of hydrogen bonds inside (7,7) CNT obtained from current model for is almost identical to the results (about 0.8 per water molecule) 39 from simulations using Brenner potential 42 based on Tersoff's covalent-bonding formalism, suggesting that general feature of current simulation, which is the structure of water molecules within CNT, might be largely valid.
Conclusions
In summary, we have studied hydrogen-bonded nanostructures of water formed inside a multiply connected carbon nanotube in dynamic equilibrium in a water bath, using molecular dynamics simulations, and calculated the density of water molecules and the number of hydrogen bonds per H 2 O molecule. We found large oscillatory patterns in the density and the average number of hydrogen bonds near the Y-junction of the MCCNT. Remarkable changes occur in the (14, 14) CNT region approximately 6-7 Å before the Yjunction in terms of the density and the ordering of the water molecules. The increased number of hydrogen bonds in the (7, 7) CNT arm of the MCCNT would be expected to eventually approach that of pure (7, 7) CNT as the distance increases. In brief, the present study shows the structural features of water molecules confined inside an inhomogeneous CNT, an MCCNT to be more specific, does not necessarily reflect its immediate confining environment. Instead, as a result of rather complicated interactions, the local crosssectional area of the host tube can affect water nanostructure over a quite long distance, say up to 1 nm.
Understanding both the dynamic and static behaviours of water inside a topologically complex nanostructure is of fundamental importance because of their numerous possible applications in biology, catalyst engineering, and nanofluidics. 43 Recent experiment shows the population increase of the water network confined in the mesoporous silica. 43 In this work, we presented the static properties of water within the symmetric MCCNT consisting of two Y-junctions. Although the carbon nanotubes with a branched structure attract much interest mainly because of its possible applications as nano-electronic devices due to unique electronic properties, 44 it has been pointed out that the structure also has a high potential to be used as a molecular sieve or molecular absorbent, including desalination of water, by reducing the pressure to drive the corresponding process. 45 In this sense, the detailed behavior of water molecules within the CNT with Y-junctions has fundamental interests. We believe that our work will give better insight and information on how the water fluid behaves in the structurally complex nanochannels.
